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Abstract: This paper focuses on analyzing the dynamic model and the stability of the hydraulic servo
system, where the random impulsive disturbances are fully considered. To address these issues and
achieve the tracking control of the hydraulic support pushing system subject to random impulsive dis-
turbances, we present the mathematical model of the hydraulic support pushing system and define the
error variables to complete the design of the controller. Based on the Lyapunov backstepping method,
the designed controller can guarantee the error variables converge to zero exponentially and defend
random impulsive disturbances effectively, which enhances the robustness of the hydraulic support
pushing system. Finally, the validity of the proposed control method is verified by two simulation
examples.
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1. Introduction

Recently, in response to the growing importance of coal mine safety and the development of
coal mining technologies, traditional mechanized backfilling and automated control systems face
challenges due to the complex and variable nature of the backfilling process, which makes it difficult
to meet stringent requirements and adapt to diverse environments [1–5]. As a main equipment for
coal mine filling operations, the hydraulic support pushing system plays a crucial role in enhancing
filling efficiency, ensuring a stable filling body, and managing gob safety [6–12]. Nowadays, although
there have been some advanced methods about control strategy, such as sliding mode control [13, 14],
fault-tolerant control [15], H∞ control [16, 17], and observer-based control [18], how to control the
hydraulic servo system more effectively and accurately is still an attractive topic.
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At present, the research on the control of hydraulic support pushing systems is increasingly
interdisciplinary. Many scholars have made remarkable progress in system modeling, control strategy
optimization, experimental verification, and other aspects, such as [18–25]. In [18], a disturbance
observer-based fixed-time event-triggered controller was proposed for an electro-hydraulic system,
where input saturation was fully considered. Note that the co-simulation technology for mining
machinery has been studied and applied in [19]. In order to satisfy the need of a hydraulic support
model test, the data collecting and processing system of the hydraulic support model test was
established in [20]. What’s more, a multi-segment pushing curve synchronous control model was
proposed in [21]. The pushing curve segmentation and segmented curve classification were described
in it. [22] proposed a segmented control strategy, which combined bang-bang control and predictive
control to achieve the millimeter-level position control of the hydraulic support pushing system. [23]
presented a feed-forward compensation decoupling method for the displacement-force dynamic
coupling problem caused by the coupling of hydraulic cylinders and pumping stations. It adopted
adaptive sliding mode control to suppress system jitter and external disturbances. Moreover, [24]
proposed an AdaBoost-backpropagation method to evaluate the internal leakage, which improved the
hydraulic support accuracy and safety. Subsequently, [25] presented a novel prescribed performance
fault-tolerant control method for electro-hydraulic servo systems. Although external disturbances and
unknown nonlinearities were discussed in [25], the discontinuous disturbance was excluded from their
topic.

On the other hand, from the perspective of engineering, impulsive disturbance is a kind of
discontinuous disturbance that can lead the system to suddenly change in a moment; see [26–34].
This type of disturbance is highly destructive, requiring only a single interruption to crash the entire
system dynamics. Generally speaking, impulsive disturbances occur randomly, which means that
the disturbance sequences are uncertain. This disturbance form is more challenging for dynamic
systems. In [32], target tracking of omnidirectional mobile robots subject to impulsive disturbances
was studied, where impulsive disturbances occur in the form of data deception. [33] was concerned
with the stability problem for a class of Lipschitz-type nonlinear systems in networked environments,
which suffer from random and impulsive disturbances. In [34], a backstepping-based impulsive
correction control was proposed to solve the position control problem of the electro-hydraulic servo
system, where the input-to-state stability of the error system is researched. Additionally, in the
hydraulic support pushing system and even the entire field of mine and factory automation, impulsive
disturbance is an important factor, which influences the reliability and safety of the equipment. It
always stems from transient processes within the system, such as the operation of solenoid valves, and
externally, which threatens the electronic control system through conduction and radiation pathways.
Moreover, its harm can range from abnormal data and communication interruption to equipment
maloperation or even safety accidents in severe cases. Synthesizing the above analysis, the existing
results on the control of hydraulic support pushing systems involving random impulsive disturbances
are still limited, and it is necessary to design a controller to defend random impulsive disturbances.
In fact, to address the above problems, some difficulties and challenges will be encountered: One is
how to give a mathematical model for the hydraulic support pushing mechanism. Another is how to
restrain the negative effects of impulsive disturbances on the hydraulic support pushing system during
the process of designing the controller.

Through the above analysis, we consider the trajectory tracking control problem of hydraulic
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support pushing systems subject to random impulsive disturbances and use the Lyapunov backstepping
method to complete the design of the controller. The main contributions of this paper are described as
follows: One is that a mathematical model of the hydraulic support pushing system is simplified and
given, and random impulsive disturbances are considered in this paper. Another is that the relationship
between control law, random impulsive sequences, and the intensity of impulsive disturbances is
established, which ensures the stability and enhances robustness of the hydraulic pushing system
under the input of our controller.

The remaining part of the paper is described as follows. In Section 2, the mathematical model of
the hydraulic support pushing system and its error system subject to random impulsive disturbances
is given. Some essential knowledge and a necessary lemma are introduced. Next, the Lyapunov
backstepping method is utilized to complete the design of the controller and provide the stability
analysis in Section 3. We resort to the simulation results to verify the availability of the controller de-
sign in Section 4. In Section 5, we summarize the whole paper and present the conclusion of this paper.

2. Problem formulation

2.1. Notations

The symbols R and Z are represented as the set of real numbers and the set of integers. Rn is
the n-dimensional real space equipped with the Euclidean norm | · |, R+

.
= {a ∈ R : a ≥ 0}, and

Z+
.
= {a ∈ Z : a > 0}. (Ω,F ,P) represents a complete probability space with a natural filtration

{Ft}t≥0 satisfying the general conditions, i.e., {Ft}t≥0 is monotonic increasing and right-continuous and
contains all of the P-null sets. I(·) stands for the indicator function. E (·) denotes the mathematical
expectation operator. D+ denotes the right-hand upper Dini derivative.

2.2. Characteristics of pushing mechanism

The position control of the straightness of the working surface is essentially a multi-body dynamics
coupling problem, and its core control mechanism stems from the interaction between the dynamic
characteristics of the hydraulic support pushing system and the structural design. The hydraulic support
pushing system of the fully mechanized mining face is shown in Figures 1 and 2. The core of the
position control of the hydraulic support pushing system lies in precisely controlling the displacement
y of the piston rod. This displacement is driven by the hydraulic pressure acting on the piston, and
the hydraulic pressure depends on the pressures P1 and P2 in the rodless and rod-bearing chambers
of the hydraulic cylinder. The variation of pressure is controlled by the flow rates Q1 and Q2 flowing
into and out of the rodless and rod-bearing chambers of the hydraulic cylinder, respectively. The flow
rate is directly determined by the displacement yv of the valve core and the pressure difference at the
valve port. Therefore, establishing an accurate valve-controlled hydraulic cylinder system model is
the foundation of position control. The structure of hydraulic support pushing mechanism is shown in
Figure 3.

The flow equation of the valve is:

QL = Kqyv − KcPL, (2.1)
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where QL represents load traffic; Kq is the flow gain; and Kc is the flow-pressure coefficient. PL stands
for load pressure. When the piston moves, the flow rates Q1 in the rodless cavity and Q2 in the rod-
bearing cavity are Q1 = A1

dy
dt ,

Q2 = A2
dy
dt ,

(2.2)

Scraper Conveyor

Connection

Push Rod

Figure 1. Schematic diagram of the connection of the hydraulic support pushing system.

m
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Figure 2. Working principle of the hydraulic cylinder.

Figure 3. Structure of the hydraulic support pushing mechanism.
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where t denotes the time. The effective area ratio of the rodless cavity A1 and the rod-bearing cavity A2

is N = A1
A2

. To eliminate the influence of the area ratio N, the flow rates of the two cavities are weighted
and combined:

QL =
Q1 + NQ2

1 + N2 . (2.3)

The change in flow rate caused by the compressibility of the oil is

∆Q =
Vt

2βe

dPL

dt
, (2.4)

where Vt represents the total volume of the hydraulic cylinder. βe is the equivalent elastic modulus of
the oil. To compare the flow variation ∆Q of the two chambers, we perform normalization with respect
to the area ratio N:

∆Q =
Vt

2βe(1 + N2)
dPL

dt
. (2.5)

The external leakage flow rate Cte is directly proportional to the load pressure PL, and the internal leak-
age flow rate Cteo is directly proportional to the fuel supply pressure PS . Comprehensively considering
the influence of piston movement, the flow variation of oil compressibility and, leakage effect, the flow
equation of the hydraulic cylinder is derived based on Eq (2.6):

QL = A1
dy
dt
+

Vt

2(1 + N2)βe

dPL

dt
+CtePL +CteoPS . (2.6)

The force balance equation of the hydraulic rod is

A1P1 − A2P2 = Mÿ + Bcẏ + My + FL, (2.7)

where M represents the elastic stiffness of the load and Bc is the viscous damping coefficient of the
piston and the load. FL stands for load force. By combining Eqs (2.1), (2.6), and (2.7) and performing
the Laplace transform and derivation simplification, the system transfer function can be obtained:

Y
Yv
=

KqAl

Kc

(
s2

ω2
h
+

2ξm
ωh

s + 1
)

(
s
ωr
+ 1
) (

s2

ω2
0
+

2ξ0
ω0

s + 1
) , (2.8)

where Y represents the displacement of the piston rod after Laplace transform and Yv represents the
displacement of the valve core after Laplace transform. s is a complex variable; ωh represents the
mechanical natural frequency. ξm is the mechanical damping coefficient; ωr represents the turning fre-
quency; and Kce represents the total flow pressure coefficient. ω0 is the natural frequency; ξ0 represents
the hydraulic and mechanical damping coefficients; and Mh represents the stiffness of the hydraulic
spring, where

ξm =
Bc

2
√

mk
, ωr =

MKce

A2
1

,

ω0 = A1

√
1 +

M
Mh

2(1 + N2)βe

mVt
,

ξ0 =
Kce

1 + M/Mh

√
(1 + N2)βem

2Vt
+

Bc

2A1

Vt

2(1 + N2)βem
.
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2.3. The error description of the hydraulic support pushing system

For this nonlinear control system, it needs to be converted into a state equation for consideration.
Based on the above discussion and taking the state variable [x1, x2, x3]T = [y, ẏ, ÿ]T , the actual system
can be obtained as 

ẋ1(t) = x2(t),
ẋ2(t) = x3(t),
ẋ3(t) = f1x2(t) + f2x3(t) + gu(t),
y = x1,

(2.9)

where f1 = ωh(1 + Kqk
2A1−A2

), f2 = ωhξ0; g is the gain coefficient of the control voltage, where g = Kqω
2
h

2A1−A2
;

and u(t) is the control voltage.
In this paper, our objective is to enable the actual hydraulic support pushing system to track the

desired system under the control input u(t), where the desired system is given by
ẋ1d(t) = x2d(t),
ẋ2d(t) = x3d(t),
ẋ3d(t) = f1x2d(t) + f2x3d(t),
yd = x1d.

(2.10)

By subtracting systems (2.9) and (2.10), we can obtain the error system of the hydraulic support push-
ing system: 

ė1(t) = e2(t),
ė2(t) = e3(t),
ė3(t) = f1e2(t) + f2e3(t) + gu(t).

(2.11)

In the actual operation of the hydraulic support pushing system, it is disturbed frequently by instan-
taneous external factors, and the sequence of the disturbances is often random. Therefore, impulse
jumps are introduced to characterize stochastic impulsive disturbances from the external factors such
as sudden forces and data deception attacks from sensors. Consider the mathematical model of random
impulsive disturbances:

ei(t) = βei(t−), i = 1, 2, 3, t = tk, (2.12)

where β is the intensity of impulsive disturbances. When β is slightly larger than 1, it corresponds to
mild impulsive effects, such as small pressure fluctuations, weak valve-switching transients, or minor
sensor signal jumps. A larger β indicates stronger instantaneous disturbances, such as abrupt load
impacts, significant hydraulic pressure shocks, or larger measurement and communication jumps,
which may cause more obvious deviations in displacement, velocity, or acceleration errors. The
time sequence of stochastic impulsive disturbances is denoted by S ≜ {tk}

∞
k=0 with t0 = 0 satisfying

0 < t1 < t2 < · · · < tn → +∞ as n → +∞. Furthermore, let tk =
∑k

i=1 τi, and if {τi}
∞
i=1 is a sequence

of independent exponentially distributed random variables with a parameter λ > 0, then we represent
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such kind of impulse time sequences as Sλ. Let N(t, s) indicate the number of impulse instants on the
interval (s, t] with 0 ≤ s < t.

Remark 1. The impulsive form ei(t) = βei(t−) is adopted for the following specific reasons. First, in
many industrial networked control systems, the sensor communication link may suffer from propor-
tional deception attacks or electromagnetic interference that scales the true measurement by a factor
β before it reaches the controller. Since the controller operates on the corrupted signal, the resulting
error dynamics experience a multiplicative jump even if the physical plant state does not jump. Second,
hydraulic pressure surges induced by abrupt valve closure can produce an instantaneous acceleration
increment that is approximately proportional to the current piston velocity. Consequently, a larger
pre-impulse velocity leads to a proportionally larger jump in the position or velocity error. In both sce-
narios, the intensity of the jump depends on the current deviation, which is faithfully captured by the
multiplicative model. Therefore, we utilize the form (2.12) to represent these actual situations, which
is not only conducive to theoretical analysis but also conforms to the actual situation.

In the following, the error system of the hydraulic support pushing mechanism subject to random
impulsive disturbances is given by

ė1(t) = e2(t), t , tk,

ė2(t) = e3(t), t , tk,

ė3(t) = f1e2(t) + f2e3(t) + gu(t), t , tk,

ei(t) = βei(t−), i = 1, 2, 3, t = tk,

(2.13)

where k ∈ Z+, e(t) = [e1(t), e2(t), e3(t)]T ∈ R3 is the system state and the initial condition e0 =

[e1(0), e2(0), e3(0)]T ∈ R3. In this paper, we suppose that the solutions of system (2.13) are right
continuous and exist uniquely.

Lemma 1. Let N(t) ≜
∑∞

k=0 kI(tk ≤ t ≤ tk+1). It can be inferred that N(t) represents the number of
impulses occurring on the interval (0, t]. The stochastic process {N(t), t ≥ 0} is a Poisson process with
parameter λ ≥ 0 and for any 0 = t0 ≤ s ≤ t. The increment N(t) − N(s) has a Poisson distribution with
the parameter λ(t − s). Let N(s, t) = N(t) − N(s), then

P{N(s, t) = k} = e−λ(t−s) [λ(t − s)]k

k!
, k = 0, 1, 2, ....

Definition 1. For a given impulse time sequence {tk} ∈ S, we denote e(t) = e(t, 0, x0, {tk}) as the
solution of system (2.13) starting from (0, e0) and subject to impulse actions at time sequence {tk}.
Then system (2.13) is said to be p-th moment exponentially stable (p-ES ) with Ξ if there are two
scalars λ > 0 andM ≥ 1 such that

E|e(t)|p ≤ M · |e0|
p exp (−λt) , ∀t ≥ 0 (2.14)

for any initial value e0 ∈ Ξ. Specially, if (2.14) holds for every sequence {tk} ∈ S, with two positive
scalars λ and M independent of the choice of {tk}, then system (2.13) is said to be uniformly p-ES
with Ξ over S.
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3. Main results

In this section, we design the controller through Lyapunov backstepping to realize the tracking
control to reference signal and defend against the random impulsive disturbances. The control frame
of the hydraulic support pushing system is shown as Figure 4.

dy

d / de t

d / de t

( )e t

( )te( )te( )( )

( )e te t( )( )

Controller

Hydraulic Support 

Pushing System

Impulsive Disturbances

y

Figure 4. Control frame for the hydraulic support pushing system.

Theorem 1. Error system (2.13) is uniformly 2-ES over the class S λ with β > 1 by the following
control input:

u(t) =
1
g

[
−(C3 + 2C)e1 − ( f1 + 3C2 + 2)e2 − ( f2 + 3C)e3

]
, (3.1)

where C is a constant satisfying C > 0.5λ(β2 − 1).
Proof. Let e(t) = e(t, 0, e0, {tk}) be the solution of system (2.13) through initial state (0, e0), where
e0 ∈ R

3 and {tk} ∈ Sλ. For convenience, we denote V(t) ≜ V(t, e(t)) and V0 ≜ V(0, e0). In the following,
we utilize the Lyapunov backstepping method to guarantee the exponential stability of system (2.13).
Assume that the virtual control variables

z1 = e1(t),
z2 = e2 − φ1(e1),
z3 = e3 − φ1(e1, e2).

(3.2)

When t , tk, by designing the Lyapunov function as V1 =
1
2z2

1, its time derivative along (2.13) yields

D+V1(t) = z1ė1 = z1e2 = z1(z2 + φ1(e1)). (3.3)

Along with (3.3), auxiliary control variable φ1(e1) can be calculated by

φ1(e1) = −Cz1, (3.4)

where C > 0 is a constant. Substituting the designed upper control signal (3.4) into (3.3), the time
derivative can be expressed as

D+V1(t) = −Cz2
1 + z1z2. (3.5)

In the following, we choose the Lyapunov function as V2 = V1 +
1
2z2

2. The time derivative along system
(2.13) can be obtained as

D+V2(t) = −Cz2
1 + z1z2 + z2ż2
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= −Cz2
1 + z1z2 + z2(ė2 − φ̇1(e1))

= −Cz2
1 + z1z2 + z2(e3 − φ̇1(e1))

= −Cz2
1 + z1z2 + z2(z3 + φ2(e1, e2) − φ̇1(e1)). (3.6)

Similarly, auxiliary control variable φ2(e1, e2) can be calculated as

φ2(e1, e2) = φ̇1(e1) −Cz2 − z1. (3.7)

Therefore, the time derivative of (2.13) is given by

D+V2(t) = −Cz2
1 −Cz2

2 + z2z3. (3.8)

Finally, choosing the Lyapunov function as V(t) = V2 +
1
2z2

3, its time derivative along system (2.13) is

D+V(t) = −Cz2
1 −Cz2

2 + z2z3 + z3ż3

= −Cz2
1 −Cz2

2 + z2z3 + z3(ė3 − φ̇2(e1, e2))
= −Cz2

1 −Cz2
2 + z2z3 + z3( f1e2 + f2e3 + gu(t) − φ̇2(e1, e2)). (3.9)

Then, substituting the designed control law (3.1), we can get the time derivative of system (2.13):

D+V(t) = −Cz2
1 −Cz2

2 −Cz2
3 = −2CV(t). (3.10)

It then follows from (3.9) and (3.10) that

V(t) = V(tk)e−2C(t−tk), ∀t ∈ [tk, tk+1), k ∈ Z+. (3.11)

In view of (3.11), when the stochastic impulsive disturbances are introduced, it can be derived that

V(t) = β2N(t,0)V0e−2Ct, ∀t ≥ 0. (3.12)

By the property of mathematical expectation and taking the mathematical expectation on both sides of
(3.12), it yields that

EV(t) = E

 ∞∑
k=0

V(t) · I(N(t, 0) = k)


= V0e−2Ct

∞∑
k=0

E
[
β2N(t,0) · I(N(t, 0) = k)

]
= V0e−2Ct

∞∑
k=0

E
[
β2N(t,0)|N(t, 0) = k

]
· P{N(t, 0) = k}. (3.13)

It then follows from Lemma 2.3 and (3.13) that

EV(t) = V0e−2Ct
∞∑

k=0

β2ke−λt
(λt)k

k!

= V0e(β2λ−λ−2C)t, ∀t ≥ 0, (3.14)
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which implies that

E|e(t)|2 ≤ 2|e0|
2e(β2λ−λ−2C)t, ∀t ≥ 0, (3.15)

where β2λ − λ − 2C < 0. Hence, system (2.13) is uniformly 2-ES over the class Sλ by control law
(3.1). The proof is completed.

Remark 2. Note that [23] proposed a sliding mode strategy to enhance path tracking control effect.
However, the control strategy presented in [23] cannot resist the impulsive disturbance. Compared
with the controllers proposed in [23], this paper develops a kind of novel controller, in which the
negative effects of stochastic impulsive disturbances are fully considered. By establishing the rela-
tionship among continuous control laws, stochastic impulsive sequences, and impulsive disturbance
intensity, our control gain in controllers can be artificially adjusted to restrain the negative effects
of stochastic impulsive disturbance attacks. It demonstrates the robustness of proposed controllers
against impulsive disturbances.

Remark 3. In implementation, C can be selected by first estimating or specifying the admissible max-
imum disturbance intensity β̄ and maximum occurrence rate λ̄, and then choosing C > 0.5λ̄(β̄2 − 1)
with a proper safety margin. Theoretically speaking, a larger C improves convergence speed and dis-
turbance rejection; however, it may also increase control pressure and actuator activity. Therefore, C
should be chosen as a moderate value satisfying the theoretical lower bound while avoiding unneces-
sarily aggressive control action.

4. Simulation

In this section, we take a class of hydraulic support pushing systems as an example. Based on the
mathematical model of the hydraulic support pushing system (2.9) and the designed controller (3.1),
a simulation model is established in Matlab. Some simulation parameters of the hydraulic support
pushing system are presented in Table 1.

Table 1. Parameters of the hydraulic support pushing system in simulation.

Parameter Meaning Value

βe Elastic modulus of the oil. 700

A1 Rodless cavity area. 0.0154

A2 Rod-bearing cavity area. 0.0083

Ps Fuel supply pressure. 1.6 × 107

Vt Total volume of the hydraulic cylinder. 0.1 × 10−3

M Elastic stiffness of the load. 40000

Cte External leakage flow rate. 4 × 10−11

Bc Viscous damping coefficient of the piston and the load. 800

AIMS Mathematics Volume 11, Issue 5, 14323–14340.



14333

In the first simulation, a step signal with an amplitude of 0.7 m is input into the hydraulic support
pushing system (2.10). Note that our objective is to track this step signal subject to random impulsive
disturbances. Assume that the intensity of the random impulsive disturbances is β = 1.7 and the
frequency of the random impulsive disturbances is λ = 2. In the simulation, choose initial values
as [x1d(0), x2d(0), x3d(0)]T = [0, 2, 1]T and [x1(0), x2(0), x3(0)]T = [0.3, 1.7, 0.8]T . Then, it can be
observed that if we use controller (3.1) with control gain C = 1, then the actual displacement y1d(t) =
x1d(t) is unable to track the desired step signal under the disturbances of random impulses, as shown
in Figure 5. On the other hand, we utilize controller (3.1) with gain C = 2 as the system controller,
which satisfies the conditions in Theorem 1. Then, the error system converges to 0 under the random
impulsive disturbances, as shown in Figure 6. The actual output displacement can track the desired
output displacement quickly, as shown in Figure 7.
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Figure 5. Comparison between the desired displacement and the actual displacement of the
step signal with C = 1.

0 2 4 6 8 10 12 14 16 18 20

time (s)

-1.5

-1

-0.5

0

0.5

1

e
rr

o
r

e
1

e
2

e
3 Random impulsive action

Figure 6. Error system of the hydraulic support pushing system with step signal.
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Figure 7. Comparison between the desired displacement and the actual displacement of the
step signal with C = 2.

In the second simulation, a sinusoidal signal with an amplitude of 0.7 m and a frequency of 0.2 Hz
is input into the system. Assume that the desired trajectories are x1d(t) = 0.7 sin(t), x2d(t) = 0.7 cos(t),
x3d(t) = −0.7 sin(t), as shown by blue curve in Figure 8. In this simulation, we suppose that the inten-
sity of the random impulses is β = 2 and the frequency of the random impulses is λ = 1.5. By applying
Theorem 1, if we take control gain C = 2.5 and initial values [x1d(0), x2d(0), x3d(0)]T = [0, 0.7, 0]T and
[x1(0), x2(0), x3(0)]T = [0.3, 0, 0.2]T , then the actual trajectories can also track the desired trajectories
under the random impulsive disturbances. The comparison and error curves of the desired output dis-
placement and actual output displacement of the sinusoidal signal with random impulsive disturbances
are shown in Figures 8 and 9. As counterexamples, Figure 10a and 10b illustrate the error performance
of two classical and unmodified controllers, namely proportional-integral-derivative (PID) and sliding
mode control (SMC), under the same random impulsive disturbances considered in this paper. The blue
curves represent the actual system output trajectories, and the red crosses mark the occurrence instants
of impulsive disturbances. For the PID controller with uiPID(t) = Kpei(t)+Ki

∫ t

0
ei(τ)dτ+Kd

dei(t)
dt , where

gains are chosen as constants, although the parameters are tuned to achieve satisfactory performance
under nominal conditions, the tracking error diverges gradually after several impulsive jumps. This is
because the PID structure lacks an explicit mechanism to compensate for the sudden state resets caused
by impulses, and the integral term may even accumulate the error, which leads to instability. For the
SMC controller with surface S (t) = c1e1(t)+c2e2(t)+e3(t), the system is initially driven onto the sliding
surface. However, each impulsive disturbance forces the state to abruptly leave the sliding surface, and
the subsequent switching control cannot restore the sliding motion effectively under repeated random
impulses. As a result, the error system eventually diverges. Both examples highlight the necessity of
incorporating impulse statistics into the controller design, which is the key advantage of the proposed
backstepping method.
Remark 4. Input-to-state (ISS)-based approaches mainly guarantee boundedness of the system state
with respect to disturbance inputs, and the tracking error usually converges to an ultimate bounded set
determined by the disturbance magnitude. Therefore, under persistent random impulsive disturbances,
a residual tracking error may remain. In contrast, the proposed method establishes 2-ES sense, which
provides an explicit convergence rate and faster attenuation of the tracking error after disturbances
occur. This property is especially valuable for hydraulic servo systems that require high positioning
precision and rapid recovery performance. Figure 11 illustrates the typical tracking performance of
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the ISS-based controller in [34]. The blue curve is the desired trajectory, and the red curve is the
actual output. The actual trajectory remains bounded but does not converge exactly to the reference,
persistently staying within a residual error set whose size depends on the disturbance magnitude. This
behavior is inherent to ISS-based methods, which only guarantee ultimate boundedness rather than ex-
ponential convergence. In comparison, the proposed method achieves 2-ES , which leads to complete
convergence of the tracking error to zero and much faster recovery after impulsive events, as shown in
Figure 8.
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Figure 8. Comparison between the desired displacement and the actual displacement of the
sinusoidal signal through the exponential manner.
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Figure 9. Error system of the hydraulic support pushing system with sinusoidal signal.
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(a). PID method. (b). SMC method.
Figure 10. Error trajectories under two classical methods without considering impulsive
disturbances. (a). Under PID controller. (b). Under SMC controller.
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Figure 11. Comparison between the desired displacement and the actual displacement of the
sinusoidal signal through the ISS manner.

5. Conclusions

This paper presented the mathematical model of the hydraulic support pushing system for the au-
tomation of hydraulic support coal mining technology. Based on the Lyapunov backstepping method
and random analysis technique, we designed a controller for the hydraulic support pushing system
against random impulsive disturbances, which enables the actual trajectories to track the desired tra-
jectories. Moreover, a relationship among the continuous dynamics, impulsive intensity, and random
impulsive sequences of the hydraulic support was established, which effectively improved the robust-
ness of the hydraulic support pushing system. Nevertheless, one limitation of the current work is that
the controller design is based on a linearized model, which may introduce certain bias when the system
operates far from the equilibrium point or under severe nonlinear effects. Future work will focus on
two aspects. First, we will refine the nonlinear modeling of the hydraulic support pushing system,
incorporating friction, oil compressibility nonlinearities, and flow-pressure coupling, and extend the
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stability analysis to the original nonlinear model under random impulsive disturbances. Second, an op-
timal gain selection strategy will be developed to balance convergence rate, control effort, and actuator
constraints, thereby facilitating more systematic and practical controller tuning.
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